We examined production of ADP-ribosyltransferase C3 in 11 strains of Clostridium botldinum type C and D and their nontoxigenic derivatives. Antisera to C3 proteins of type C organisms divided C3 proteins roughly into at least two groups, bearing no relation to their bacterial types. Clostridium botulinum type C and D strains produce neurotoxin, enterotoxin, hemagglutinin, C3 exoenzyme, and nontoxic components (1, 23) . C3 exoenzyme, which ADPribosylates 20-to 26-kDa GTP-binding proteins in mammalian cells, is completely distinct from neurotoxin and C2 enterotoxin (12, 20) . Some of the substrate proteins are products of the rho/rac gene family, which has homology to the ras gene family (3-5) and is associated with cytoskeleton organization in mammalian cells (4, 17) . However, the molecular function of the protein substrates has not been clarified yet in detail.
Clostridium botulinum type C and D strains produce neurotoxin, enterotoxin, hemagglutinin, C3 exoenzyme, and nontoxic components (1, 23) . C3 exoenzyme, which ADPribosylates 20-to 26-kDa GTP-binding proteins in mammalian cells, is completely distinct from neurotoxin and C2 enterotoxin (12, 20) . Some of the substrate proteins are products of the rho/rac gene family, which has homology to the ras gene family (3) (4) (5) and is associated with cytoskeleton organization in mammalian cells (4, 17) . However, the molecular function of the protein substrates has not been clarified yet in detail.
The study of the molecular property of C3 enzyme has advanced in recent years. Popoff et al. (18, 19) reported that the C3 gene of type C strain 468 (C468) was identical to that of type D strain 1873 (D1873). Nemoto et al. (13) reported that the C3 protein of type C strain 003-9 (C003-9) has 40% homology to the partial sequence of C468 C3 protein. We demonstrated that the C3 protein of type D strain South African (DSA) is similar to that of type C strain 6813 (C6813) rather than D1873 C3 with respect to antigenicity, amino acid composition, and enzymatic activity (12) . These results indicate that C3 proteins can be divided roughly into two groups. However, these C3 enzymes have not been compared completely with each other, since the primary structure of DSA or C6813 C3 enzyme has not been determined.
In this study, we isolated the C3 gene from bacteriophage DNA from DSA. The C3 protein has higher homology to C003-9 C3 protein than D1873 C3 protein. These results indicate that there are two types of C3 enzyme in type D organisms, as there are in type C organisms.
MATERIALS AND METHODS Organisms. C. botulinum type C toxigenic organisms Stockholm (CST), CB19, 468, 203, 6812, 6813, and 6814 and type D toxigenic organisms South African, 1873, CB16, and 4947 were used. Nontoxigenic derivatives were derived from toxigenic organisms by treatment with acridine orange or nitrosoguanidine, UV irradiation, or multiple passages as described previously (17) . (C)AO2 and (C)N71 were derived from CST, (C)CB19NT was from type C strain CB19, (C)468A028 was from type C strain 468, (C)203U48 was from type C strain 203, (C)6813NT was from C6813, (C)6814NT was from type C strain 6814, (D)SANT was from DSA, (D)134 and (D)139 were from D1873, and (D)4947NT was from type D strain 4947. Those organism types were defined by neutralization with antisera to neurotoxin (23) .
The toxigenic revertant from nontoxigenic derivative (D)SANT was prepared by the method described previously (15) . After incubation of (D)SANT with the bacteriophage d-sA in LYG medium, the resultant precipitate was inoculated and then incubated at 30°C for 4 days by the dialyzing cultivation method.
Preparation of antibody to C3 protein. After the dialyzing cultivation was performed as described previously (25) , C3 proteins were purified from culture media of CST and C6813 by using CM-Toyopearl 650M and hydroxylapatite columns (12) . Rabbit antiserum against each purified C3 protein was prepared as described previously (12) . Each of the specific antibody preparations was purified as follows: a C3-bound Sepharose column was made from purified C3 proteins and CNBr-activated Sepharose 4B (Pharmacia-LKB Biotechnology, Uppsala, Sweden). Antiserum to CST C3 protein was applied to a C6813 C3 Sepharose column. The unbound fraction was applied to a CST C3 Sepharose column, and then the bound fraction was eluted with 3 M KSCN. The eluted fraction was dialyzed against Dulbecco's phosphatebuffered saline (PBS). The dialysate was used as a specific antibody to CST C3. Specific antibody to C6813 C3 was similarly purified from antiserum to C6813 C3.
Detection of C3 protein in culture medium. Sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli (10) . The loading buffer (0.01 ml) was added to 0.02 ml of each culture medium and then boiled for 2 min. The samples were subjected to SDS-PAGE. Proteins in the gels were transferred to sheets of cellulose nitrate. The sheets were incubated at room temperature for 30 min in PBS containing 1% bovine serum 1 2 The reaction was terminated by the addition of the loading buffer (6 ,lI) and boiling. The resulting preparation was subjected to SDS-PAGE. After staining, destaining, and drying, the gel was subjected to autoradiography at -20°C for 24 h. Hyperfilm-MP (Amersham-Japan, Tokyo) was used for the autoradiography. The radioactivity of ADP-ribosylated proteins in the gel was estimated by a Bio-Imageanalyzer (model BAS2000; Fuji Film, Tokyo, Japan). After 3 days of cultivation in Terrific broth, the recombinant C3 enzyme was purified from culture medium by the method described previously (13) for determination of the Km value. The C3-productive organism in Table 1 was defined by the existence of a visible band with a molecular weight of about 25,000 on a sheet of the immunoblot membrane when a 200-pg protein sample was applied to a lane in SDS-PAGE.
Cloning of the DSA C3 gene and sequencing procedure. The bacteriophage genomic DNA was prepared from phage d-sA by the method described previously (9) . Two hundred micrograms of phage DNA was purified from 5 liters of culture supernatant. The bacteriophage DNA digested with HindIII and HincII was subjected to 0.8% agarose electrophoresis. The DNA fragments with lengths less than 2.0 kbp were extracted from the gel with GeneClean (Bio 101) and then ligated to pBluescript SK-(Stratagene). The recombinant plasmids were transformed to Escherichia coli XL1 Blue. The immunopositive recombinant clone was detected on the membrane of cellulose nitrate by using specific antibody to C6813 C3 protein. The insert indicates a length of 1.7 kbp 810  820  830  840  850  860  870  880  890  900 TATTATTCTTTTTAGAGy.TGATGACCCTGCTTATTTAGGTCCAGAATTTCAAGATAAAATTCTTAATAAAGATGGAACAATTAATAGAGATGTTTTTGAA 1210  1220  1230  1240  1250  1260  1270  1280  1290  1300   ATAAAAGATTTAGCATCTTGAAGTAAGAAAAATTATAGGAACACATAACAACAAAAATACTACTTTTAATTAAGTAGTTATTTTTGTTATACGTAAAAA   1310  1320  1330  1340  1350  1360  1370  1380  1390  1400   TAGATTGATTATTAAATAAATAATAGGTTATTTAATTTGCAATATTCAGATGACTTTTlwGATAAATATGAAATTAAAGCAAAAGATTATTGACATTTTGTA   1410  1420  1430  1440  1450  1460  1470  1480  1490  1500   TTTTTATATGTAATATTATACATAAGGTACGTGAGATGATATGTATCTTATGTGTATTCAACTATAAGATATAAGAGTTTAAAAAGTCAGTGAACCTCCA   1510  1520  1530  1540  1550  1560  1570  1580  1590  1600 CTGTATAAGCGAGGAGCTAAAAAAGTCGGAGATCCTCTTCCGTATAAAT(",GGGCTTTAAAAGTCAGTGAACCTCCACTGTATAAGCGAGGAGCTAkAAGA sequencing (TAKARA, Tokyo, Japan). The double or single Specific antibody to C6813 or CST C3 enzyme recognized a strand of the insert DNA that ligated to pBluescript SK-or specific epitope for each C3 molecule (Fig. 1 ). C3 proteins SK+ was sequenced by the polymerization termination were detected in all toxigenic strains by using both specific method of Sanger et al. (22) as shown in Fig. 3A .
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121 KT*-121 *E**************T--***NTL**SN****KTA*-*KA****--*N***L--***** 113 *ESVYVY*LLNLD**TSIVG*TNED*Y*LQQT*NGQYD*NLVR*LNNVMNS*IYR*D**S 174 STSLMS-AQFGGRPIVTKFKVTNGSKGGYIDP--ISYFPGQLEVLLPRNNSYYISDMQIS 174* * * 174 ** * **NVS* *A* ** *I** ***AK* **A**** * --* *A*A** **M* * **HST*H*D* *RL* 173 **Q*V*G*AV* ****ELRLELPK*T*AA*LNSKDLTAYY* *Q** **GTE*AVGSVEL* 231 PNNRQIMITAMIFK 231 232 SDGK**I***TMMGTAINPK 233 NDKKK*I***IV**K spontaneously from DSA, did not produce C3 protein (Fig. 2 and Table 1 ). The treatment of bacteriophage d-sA, which had been isolated from DSA (15) , converted (D)SANT to a C3-productive revertant (Fig. 2) . We speculated that the C3 gene exists in the bacteriophage genomic DNA. Thus, we tried to isolate the DSA C3 gene from the bacteriophage genomic DNA library by the procedure described in Materials and Methods. A single positive clone was identified by using the antibody to C6813 C3. The plasmid included in the clone was designated pCD4D. A 1,716-bp fragment in the plasmid contained an open reading frame encoding DSA C3, which was localized from A-433 of the ATG codon to G-1167 of the TAG codon (Fig. 3B) on the basis of the following six lines of evidence. (i) The sequence encoded a protein with a molecular weight of 27,406, which is similar to that of the DSA C3 protein (Fig. 1). (ii) The amino acid composition deduced from the nucleotide sequence was quite similar to the composition of DSA C3 (12) . (iii) The nucleotide sequence was 78 and 98% homologous to those of the D1873 and C003-9 C3 genes, respectively (Fig. 4A) (Fig. 5 ). Table 1 shows that C3 enzymes could be divided roughly into two groups by using specific antibodies to CST C3 and to C6813 C3. Each of the antibody preparations recognized C3 proteins in type D organisms as well as in type C organisms. In addition, one of the two antibody preparations recognized C3 protein in each of the toxigenic organisms. This finding suggests that each of the toxigenic organisms produces one of two C3 groups.
DISCUSSION
Our previous report indicated that C3 enzymes purified from four strains are divided roughly into two groups by molecular properties (12) . The antiserum to D1873 C3 reacted strongly to CST C3 and D1873 C3 but weakly to C6813 C3 and DSA C3. The antiserum to C6813 C3 strongly reacted to C6813 C3 and DSA C3 but weakly to CST C3 and D1873 C3. On the basis of amino acid composition, DSA C3 and D1873 C3 were similar to C6813 C3 and CST C3, respectively. Thus, we classified those C3 proteins into two groups. The first group includes CST C3 and D1873 C3, and the second group includes C6813 C3 and DSA C3.
Other investigators have also reported two kinds of C3 genes. The D1873 C3 gene is identical to the C468 C3 gene (18, 19) , whereas the D1873 C3 gene has 73% homology to the C003-9 C3 gene (Fig. 4A) . From the same sequence as that of C003-9 C3 protein except for four amino acids. From the amino-terminal amino acid sequence (Fig. 4) , amino acid composition, antigenicity, and enzymological property (12) (15) . All toxigenic type D organisms produced C3 enzymes in culture medium, but their nontoxigenic derivatives that lost the toxigenic bacteriophage did not (Table 1 ). DSA and D1873 C3 genes exist in their bacteriophage DNA, and their derivatives that lost bacteriophages by acridine orange treatment or by multiple passages did not produce C3 protein (Fig. 2) (21) . These lines of evidence suggested that the bacteriophage containing the neurotoxin gene induces a type D organism to produce one of two kinds of C3.
The C468 C3 gene exists in bacteriophage DNA (18, 19) , and almost all of the derivatives from the type C strains could not produce a C3 protein like D1873 C3. However, only the nontoxigenic derivative (C)N71 could produce a C3 protein like CST C3 protein. (C)N71 is a hemagglutinationpositive and nontoxigenic organism derived from a CST organism (14) . (C)N71 should not lose the toxigenic bacteriophage by nitrosoguanidine treatment since the hemagglutinin gene exists upstream of the neurotoxin gene on genomic DNA of the bacteriophage c-st (26) . Thus, (C)N71 might lose toxigenicity by mutation of the neurotoxin molecule or interruption of the neurotoxin gene expression. This case also suggests that toxigenic bacteriophages induce production of a C3 protein like D1873 C3. However, a toxigenic bacteriophage has not been isolated from type C strains 6812, 6813, 6814, and 6816. In addition, whether the C003-9 C3 gene exists in the phage DNA has been unknown since the C003-9 C3 gene was isolated from the bacterial total DNA (13) . What mediates the production of a C3 protein like DSA C3 from the type C organism is unclear.
Inoue et al. (6) reported that Staphylococcus aureus produced an enzyme like C3, EDIN, which inhibits epidermal cell differentiation. EDIN has about 35 and 33% homology to D1873 and DSA C3 proteins, respectively (Fig. 4 ) (24) , and ADP-ribosylated rhoB p21, one of the small GTPbinding proteins (24) . Other investigators reported that enzymes like C3 were found in culture media of Clostridium limosum (7) and Bacillus cereus (8) and in bovine brain (11) . However, the reason why there are many enzymes like C3 in prokaryotic and eukaryotic cells has not been clarified. These ADP-ribosyltransferases for small GTP-binding proteins may play an important role in the cellular function of prokaryotic and eukaryotic cells. 
